Introduction
The disruption of tumor growth by targeting multiple signaling pathways with monoclonal antibodies (mAbs) has proven effective in the treatment of cancer. In the past decade, notable progress has been made in the engineering and development of dual-targeting, bispecific antibodies (bsAbs) as therapeutics. 1 Since the approval of the first bsAb, catumaxomab, in 2009, 24 bsAbs have entered clinical evaluation in various indications. 2, 3 However, compared with conventional mAb development, creating an engineered bsAb with adequate developability and manufacturability poses substantial challenges, usually leading to prolonged, iterative development cycles. [4] [5] [6] [7] Many of the issues associated with the development of bsAbs are caused by the instability of the single chain Fv format (scFv), a common building block for these molecules. 6, [8] [9] [10] Recently, platform approaches aimed at creating bivalent bsAbs closely resembling the traditional "Y"-shaped immunoglobulin (IgG) architecture with the potential for improved druggability have been reported. [11] [12] [13] [14] [15] Although development timelines are much shorter for these newly described platforms, they still require substantial engineering efforts, additional downstream steps for proper assembly or complicated stable cell line generation process. In addition, these formats yield monovalent binding moieties, which may potentially affect function due to loss of avidity. As an alternative approach, the building blocks for constructing dual-targeting antibodies could also originate from non-antibody natural proteins. Immunocytokines, for example, are a class of bi-functional molecules that fuse cytokines, often IL-2, to an IgG or antibody fragment. 16 Since many natural ligand-receptor interactions involved in cell growth and survival pathways are druggable targets, development of a bi-functional tetravalent antibody-like molecule through fusion of the native ligand binding domain of a receptor to an IgG is an attractive alternative strategy to traditional bsAb formats.
Vascular endothelial growth factors (VEGFs) are a family of closely related proteins with human VEGF-A165 (hereafter referred to as VEGF) being the most abundant and active isoform. 17 Through binding to VEGFR2, VEGF regulates critical steps in angiogenesis, from endothelial cell proliferation to migration. With the approval of bevacizumab in 2004, VEGF became a clinically validated target in oncology. [18] [19] [20] VEGFR1 exists in either membrane-bound or soluble (sVEGFR1) form with higher affinity for VEGF than VEGFR2. 21 sVEGFR1 is believed to function as a "scavenger" to sequester circulating VEGF, thereby modulating the strength of the signal from the angiogenic VEGF-VEGFR2 axis. Since the isolated domain 2 (D2) of VEGFR1 can bind to VEGF with nanomolar affinity as a monomer, 22 it was selected as the "building block" for construction of a bi-functional molecule. A similar concept has been previously validated in a monotherapeutic molecule aflibercept (VEGF trap) ¡ a VEGFR1 D2-VEGFR2-D3 chimeric fusion to the N-terminus of IgG Fc domain. 23 Insulin-like growth factor-I receptor (IGF-IR) plays a critical role in the development, maintenance and progression of many solid and hematopoietic malignancies. 24, 25 IGF-IR also confers resistance to many cytotoxic, hormonal, and targeted therapies. 24, 25 Preclinically, mAbs targeting IGF-IR that block binding of the ligands (IGF-I, IGF-II) cause down-regulation of the receptor, and have demonstrated anti-tumor activities in monotherapy and in combination with cytotoxic, radiation and targeted therapies. 4, 24, 26 To date, clinical activity of anti-IGF-IR antibodies in oncology has been modest. Therefore, combination with another targeted agent may increase the clinical response to anti-IGF-IR therapy. Recently, IGF-IR has been implicated in the regulation of angiogenesis and lymphangiogenesis. 27 Blockade of IGF-IR leads to inhibition of VEGF production, reduction in angiogenesis, and enhancement of anti-VEGF therapy. [27] [28] [29] Moreover, hypoxia results in IGF-II upregulation, which may potentially mediate tumor escape from anti-VEGF therapy. 30, 31 These data suggest the combination of anti-IGF-1R and anti-VEGF treatments may lead to improved anti-tumor activity.
We describe herein the design and development of a novel bifunctional antibody that fuses a receptor domain to an IgG and simultaneously targets IGF-IR and VEGF. The bi-AbCap presented in this report possesses excellent developability, good thermal and physical stability, and acceptable clearance in vivo without extensive engineering. In addition to blocking the interaction of ligand and receptor at both targets, removal of VEGF by an intriguing "capture-for-degradation" mechanism correlates to superior anti-tumor activity in vivo compared to monotherapies or combinations of single agents. Our case study suggests the approach of appending a natural protein binding domain, like VEGFR1 D2, to an antibody as a practical alternative to the development of traditional bsAbs.
Results

Design and construction
Many ligands and receptors interact with affinities in the nanomolar range. The extra-cellular domain (ECD) of a receptor, or a functional portion of the ECD, has been used successfully as a "ligand trap" for therapeutic purposes. 21, 22, 32 Therefore, we decided to explore the feasibility of building an IgG-based, bi-functional molecule using a receptor domain with high affinity for its ligand as a building block to provide a second binding specificity to a selected IgG. To test the hypothesis that the efficacy of anti-IGF-IR and anti-VEGF therapies could be further enhanced by co-targeting both pathways, we combined an anti-IGF-IR antibody with a VEGF binding domain (D2) of human VEGFR1 in a novel format, the bi-functional antibody receptor domain fusion molecule with ligand capture (biAbCap). A human monoclonal IgG1 antibody targeting IGF-IR IR mAb (IMC-A12), 24 previously derived from a phage display library, was selected as the backbone for the Bi-AbCap (Fig. 1A  and 1B ). The mechanisms of action for the IR mAb include receptor binding, blockade of the receptor/ligand interaction, and receptor internalization and degradation. VEGF binds to VEGFR1 and sVEGFR1 with~10-fold higher affinity than to VEGFR2. [33] [34] [35] Based on previous reports of the tight association between VEGFR1 D2 and VEGF (K d D 1.4 nM as a monomer), 22, 23 we selected D2 (residues 129-229, calculated MW D 11.5 kDa) as the receptor domain partner to target VEGF and fused it to the carboxy-terminus (C-terminus) of the heavy chain (Hc) of IR mAb via a G 4 SG 4 linker (Fi. 1A-1C). The resulting bi-functional molecule was named ID2. A D2I bi-AbCap, with D2 fused to the amino-terminus (N-terminus) of the IR mAb light chain (Lc), was also made and tested in vitro in an IGF-I stimulated IGF-IR phosphorylation assay using BxPC-3 human pancreatic cancer cells ( Fig. S1A and S1C ). Unlike ID2, D2I could not potently neutralize phosphorylation of IGF-IR in a dose-dependent manner as ID2 ( Fig. S1B and S1C) , possibly due to occlusion of antigen binding by the N-terminal VEGFR1 D2. Therefore, only the C-terminal fusion ID2 was used for further analysis. A monospecific FcD2 fusion molecule was also created as anti VEGF control (Fig. 1B and 1C ).
Developability and stability
To investigate whether the biAbCap is suitable for downstream development, various studies were carried out to assess the developability and stability of the bi-functional molecule. The average expression level of ID2 from stably transfected Chinese hamster ovary (CHO) cells was 1,127 § 155 mg/L (n D 2), similar to the expression of a typical IgG1. After purification over a protein A column, ID2 eluted as a single peak upon size exclusion chromatography (SEC), with 97% of the molecule in monomeric form (Fig. 1D) , and showed little evidence of aggregation. Assessment of processability indicated that bi-AbCap could be purified using a standard commercial platform purification process.
ID2 also demonstrated thermal stability similar to a typical IgG1 ( Fig. 1E  and 1F ). Upon analysis by differential scanning calorimetry (DSC), the D2 domain showed a melting temperature of around 64 C. The melting temperatures for the CH2 and Fab domains overlapped in the region of 76 C, while the CH3 domain unfolded at around 83 C (Fig. 1E) . Thus, the thermal stability of the IgG portion of ID2 is similar to that of IR mAb ( Fig. 1E  and 1F ). Furthermore, upon incubation for up to 7 d at 37 C in the presence of 10% mouse serum, the binding activities of ID2 to IGF-IR and VEGF were completely retained, indicating good structural stability of the molecule. (Fig. S2) .
The stability of the bi-AbCap was also evaluated at high protein concentration. ID2 was concentrated from 9.2 to 67 mg/ml in PBS and tested for insoluble and soluble aggregates by filtration and SEC, respectively. At both concentrations, all of the ID2 was recovered after filtration (0.1 mm) ( Table 1) . SEC analysis of ID2 at 9.2 and 67.0 mg/mL showed similar profiles with no evidence of soluble aggregates ( Table 1) .
Anti-IGF-IR activity
To confirm that C-terminal fusion of VEGFR1 D2 does not interfere with the activities of the parental anti-IGF-IR mAb, ID2 was tested for function in IGF-IR binding ELISA and in cell-based assays. ID2 bound to IGF-IR ECD with an EC50 of 0.30 nM by ELISA and a K d of 0.22 nM by surface plasmon resonance (SPR, Fig. 2A and Table 2 ). ID2 also was shown to inhibit the interaction of IGF-I and IGF-IR in a blocking assay with an IC50 of 1.65 nM ( Table 2) . Similar results were observed with IR mAb ( Fig. 2A and Table 2 ). In BxPC-3 and MCF-7 tumor cells, pre-incubation with 100 nM ID2 inhibited IGF-I-stimulated phosphorylation of IGF-IR, ERK1/2, and AKT. The level of reduction was similar to that observed after pre-incubation with 100 nM IR mAb ( Fig. 3A  and 3B ). In addition, treatment with ID2 or IR mAb caused a slight reduction in the level of total IGF-IR in these cells compared with control treatment, suggesting down regulation of the receptor (Fig. 3A and 3B ). The ability of ID2 to internalize and degrade IGF-IR was confirmed by ELISA using MCF-7 cells (Fig. 3C) . Time-dependent down-modulation of IGF-IR was determined using total cell lysates after treatment with ID2, IR mAb, or IgG control. During the first 4 hours, total IGF-IR decreased rapidly in the presence of ID2 and 77% of the receptor disappeared (Fig. 3C) . From 4 to 24 hours, the amount of IGF-IR decreased by an additional 6% after treatment with ID2 ( Fig. 3C) . Overall, the rate of IGF-IR downmodulation by ID2 was similar to that observed with IR mAb (Fig. 3C) . Treatment with ID2 also inhibited the growth of MCF-7 cells stimulated with IGF-I with an IC50 of 5.1 nM, comparable to that observed after treatment with IR mAb (Fig. 3D) . These data indicated that the bi-AbCap retained the in vitro activities of IR mAb.
Anti-VEGF activity
The anti-VEGF activity of the bi-AbCap was further evaluated using in vitro assays. ID2 bound to VEGF with an EC50 of 0.45 nM, as determined by ELISA and a K d of 0.18 nM, as determined by SPR ( Fig. 2B and Table 2 ). ID2 also blocked the interaction of VEGF and VEGFR2 with an IC50 of 2.60 nM in a blocking ELISA format ( Table 2) . Similar results were obtained using a control, FcD2 ( Fig. 2B and Table 2 ). In cell signaling assays, 100 nM ID2 led to potent inhibition of the phosphorylation of VEGFR2, ERK1/2, and AKT in porcine aortic endothelial (PAE) cells overexpressing human VEGFR2/ KDR (kinase insert domain receptor) (PAE/KDR) (Fig. 4A) . This level of inhibition was similar to that observed with FcD2.
Since endothelial cell migration is an essential part of angiogenesis, the anti-migratory activity of ID2 was evaluated in an endothelial cell migration assay (Fig. 4B) . At 100 nM, ID2 significantly reduced the migration of PAE/KDR cells in response to stimulation with VEGF. This inhibitory effect was also observed with FcD2, but not with IR mAb (Fig. 4B) .
To further assess the effect of VEGF blockade by the D2 arm of ID2, an ADSC/ECFC co-culture cord formation assay 36 was performed. Treatment of cords with ID2 and FcD2 for 3-4 d following VEGF induction was shown to decrease total tube area, while IR mAb alone had no effect on total tube area (Fig. 4C) .
In addition, in a human umbilical vein endothelial cell (HUVEC) viability assay, ID2 bi-AbCap inhibited cell growth stimulated by VEGF to the same extent as FcD2. IC50s of HUVEC growth inhibition were 2.5 nM for ID2 and 2.1 nM for FcD2 (Fig. 4D ). In conclusion, the D2 arm of the bi-AbCap demonstrated robust blockade of multiple processes involved in VEGF-stimulated angiogenesis in vitro.
It was reported previously that, unlike the high molecular weight oligomers formed by the binding of bevacizumab to VEGF, the VEGF trap molecule, constructed by fusing VEGFR1 D2 and VEGFR2 D3 to the N-term of the IgG Fc domain assembles as a 1:1 stoichiometric complex with the VEGF dimer. 37 Analysis of binding stoichiometry using SEC-MALS suggests that ID2 predominantly forms a 1:1 ratio with the VEGF dimer, showing minimal formation of aggregated oligomers (Fig. S3) . Therefore, it is expected that the VEGF-bound bi-AbCap molecule would be less likely to form complexes with immunogenic potential.
A unique mechanism -targeting VEGF for degradation
Since both tumorigenesis and angiogenesis contribute to tumor development, a therapeutic agent like ID2 has the potential to block both pathways simultaneously, and thereby inhibit tumor growth as effectively and perhaps more potently than the combination of 2 individual blocking antibodies. To further characterize the unique properties of ID2, we first verified the ability of this bi-AbCap to simultaneously engage and crosslink both IGF-IR and VEGF targets. In a dual binding ELISA, IGF-IR was coated onto a plate followed by the incubation with ID2, FcD2 or IR mAb. After detection using VEGF and a biotinylated anti-VEGF antibody, only ID2 was found to engage both IGF-IR and VEGF in a dosedependent manner (Fig. 2C) .
Based on the bi-AbCap design, once the IR mAb portion of the molecule is engaged with IGF-IR on the surface of tumor cells, it is tempting to speculate that ID2 could provide enhanced inhibition of tumor growth through sequestration and internalization of VEGF. As suggested previously, down regulation of IGF-IR on the cell surface can be mediated by IR mAb and ID2 (Fig. 3C) . The ability of ID2 to reduce cell surface IGF-IR level was further confirmed by immunoblotting analysis. Treatment with either ID2 or IR mAb significantly reduced the level of total IGF-IR on BxPC-3 cells after 16 hours of incubation (Fig. 5A) . To test the hypothesis that the ID2 bi-AbCap is capable of inducing co-degradation of IGF-IR and VEGF simultaneously as a unique mechanism of action, a VEGF degradation assay was developed. A431 cells overexpressing IGF-IR (A431/IGF-IR) were incubated with exogenous VEGF and ID2 or control molecules. VEGF in cell culture supernatant, and IGF-IR from cell lysates, were detected by immunoblotting analysis. As expected, IGF-IR level after ID2 treatment was reduced compared to treatment with FcD2 and un-treated controls (Fig. 5B) . Interestingly, ID2 treatment also dramatically decreased the level of VEGF in the cell culture supernatant, while the VEGF level in control samples remained unchanged or slightly increased upon treatment with IR mAb or FcD2, respectively (Fig. 5B) . Furthermore, confocal immunofluorescence microscopy visualization showed that co-localization of FITC-labeled VEGF within the lysosomal compartment in BxPC-3 cells was dependent on the presence of ID2 (Fig. 5C) . At 37 C, FITC-labeled ID2 showed a predominantly intracellular distribution which co-localized with a lysosome specific dye after incubation for 2 hours (Fig. 5C, top) . However, FITClabeled VEGF alone only weakly stained along the edge of the cell, showing no overlap with lysosome staining and suggesting possible low-level binding to VEGFR1 on the cell surface ( Fig. 5C, middle) . Upon co-incubation with un-labeled ID2, FITC-labeled VEGF shifted intracellularly and superimposed completely with the lysosome staining (Fig. 5C, bottom) .
A series of live cell imaging experiments were performed to further validate the trafficking and delivery of ID2 and VEGF to the lysosomes in A431/IGF-IR cells. First, a pH-activated dye (pHrodo TM ) conjugated to an anti-human IgG FAB antibody was used as a surrogate for detecting the delivery of antibody to the lysosome. Following a 20-hour incubation, a significant increase in the signal from pHrodo dye was evident for both IR mAb and ID2 compared with control human IgG group (Fig. S4A) . Next, treatment with human IgG control, IR mAb or FcD2 caused only minimal internalization of VEGF labeled with Alexa-647, whereas ID2 was found to mediate efficient internalization and trafficking of labeled VEGF (Fig. S4B) . Furthermore, high resolution time-lapse confocal microscopy revealed coincident localization of ID2 with VEGF on LAMP1-positive endosomes (Fig. S4C , representative still image), after A431/ IGF-IR cells transfected with the lateendosomal marker LAMP1 conjugated to mCherry were incubated with Alexa-488 labeled ID2 along with VEGFAlexa-647, demonstrating that the internalized ID2-VEGF complex was indeed targeted to the lysosome.
Taken together, cell-based degradation and imaging studies strongly suggest a unique mechanism of action for the biAbCap. Both IGF-IR on tumor cell surface and VEGF from the tumor environment are directed to the lysosomal degradation pathway by covalently linking IGF-IR and VEGF targeting moieties in the bi-AbCap format.
Inhibition of tumor growth in vivo
To compare the efficacies of ID2, IR mAb and FcD2, we examined the activity of the molecules in vivo in human tumor xenograft models. These initial doses and schedule (3 times per week) were selected to achieve the maximal efficacy for each treatment. In addition to IR mAb and FcD2, a rat anti-mouse VEGFR2 antibody DC101, 38 was also used as an antiangiogenic monotherapy control. In both MiaPaCa-2 pancreatic and HT-29 colorectal cancer models, the monospecific molecules IR mAb, FcD2 and DC101 exhibited significant tumor growth inhibition (31-66%) compared to saline control ( Fig. 6A  and 6B ). Moreover, ID2 at 30 mg/kg demonstrated significantly better suppression of tumor growth compared to IR mAb (p < 0.0001 in both models), FcD2 (p < 0.0001 in MiaPaCa-2) and DC101 (p < 0.0001 in MiaPaCa-2; p D 0.04 in HT-29) (Fig. 6A and 6B) . Thus, ID2 demonstrated improved antitumor activity compared to monotherapy in vivo.
Since treatment with ID2 under in vitro setting induced degradation of both IGF-IR and VEGF, we examined whether this distinct mechanism of action could potentially lead to more potent efficacy in vivo. To minimize the potential impact of different molecular weights on dosing levels, all reagents were administered at equimolar doses 3 times per week ( Fig. 6C and  6D) . In both Caki-1 and Colo-205 xenograft models, ID2 improved the anti-tumor efficacy over the monospecific IR mAb or FcD2 (Fig. 6C and  6D ) as expected. More impressively, ID2 exhibited superior anti-tumor activity over the combination of IR mAb and FcD2 in these tumor models (p D 0.0254 in Caki-1; p D 0.0002 in Colo-205) (Fig. 6C and 6D) . The in vivo data indicate that ID2 achieves superior anti-tumor activity in vivo compared to either monospecific or combination therapy. It is likely that the additional activity observed with ID2 may be a result of the unique co-degradation mechanism that is absent when IR mAb and FcD2 are combined.
Pharmacokinetic properties of ID2 and its derivative
Adequate stability in vivo is critical for the development of bi-specific or bi-functional molecule, in order to enable standard (e.g., once-weekly) dosing and schedule. Pharmacokinetic (PK) studies were performed in order to better understand the in vivo stability characteristics of the bi-AbCap ID2. CD-1 mice were dosed intravenously with 30 mg/kg ID2, 30 mg/kg IR mAb or 15 mg/kg FcD2 and serum concentrations of total IgG for ID2 and IR mAb or Fc for FcD2 were determined over a 2 week period ( Fig. 7A and Table 3 ). In this study, ID2 was shown to possess a shorter half-life (T 1/2 ) (66 vs. 141 hours) and 3-fold faster clearance than the IR mAb ( Fig. 7A and Table 3 ). The PK parameters for FcD2 in a separate study with faster clearance but longer T 1/2 showed much smaller differences from ID2 ( Table 3) . Since ID2 fully crossreacts with mouse IGF-IR and mouse VEGF ( Table 1) , it is possible that ID2 is susceptible to target-mediated clearance. The more rapid clearance of ID2 relative to IR mAb could be attributed to unknown mechanisms, such as non-specific clearance, clearance specific to VEGF targeting, or a combination of both processes. The inability to saturate the clearance mechanism in the case of ID2 at higher doses (data not shown) does suggest at least some contribution of non-specific clearance.
A derivative of ID2, I3D2, with a few amino acid changes both at the end of lLc 39 and in Hc-D2 region was made to improve chemical stability (Table S1 ) under stress conditions and demonstrated similar in vitro and in vivo activity compared to ID2 (data not shown). Although I3D2 displayed slightly improved pharmacokinetics in CD-1 mice in comparison to ID2, the half-life is still around 3 d (Table S2) .
To further validate whether our bi-AbCap with once weekly dosing would achieve maximal efficacy, a comparison of dose regimens was performed. The Colo-205 model was selected because ID2 demonstrated the most potent tumor inhibition in that model and it would, therefore, provide a wide window for comparison of efficacy. I3D2 at low (2.5 mg/kg), intermediate (12.5 mg/kg) or high (35 mg/kg) dose was injected on once weekly and twice weekly schedules. I3D2 demonstrated dose dependent inhibition of tumor growth across the 3 dose levels. Given the fact that I3D2 has a T 1/2 of around 3 days, it is (Fig. 7B) . However, maximal inhibition of tumor growth was only observed at 35 mg/kg dosed once weekly (Fig. 7B) .
Collectively, in spite of the short half-life, the data indicate that the bi-AbCap could be administered once a week at 35 mg/ kg to reach maximal anti-tumor efficacy in a mouse xenograft model tested.
In vivo mechanism of action for tumor growth inhibition This potent inhibition of both tumor growth and tumor angiogenesis was confirmed by mechanism of action studies using the same Colo-205 model. Treatment with saline, IR mAb, FcD2 or ID2 was given on Day 1, 3 and 5. Tumor tissues and blood were collected and processed on Day 2 and 7. Both ID2 and IR mAb treatments significantly reduced tumor IGF-IR level by electrochemiluminescent assay compared to treatment with saline or FcD2 (Fig. 8A) . While FcD2 caused an elevation of circulating human VEGF, possibly due to the build-up of FcD2-hVEGF (Fig. 8B) , compared to saline or IR mAb treated control groups, this effect was attenuated in plasma from mice treated with ID2 after Day 7 (Fig. 8B) . However, circulating mouse VEGF from ID2 treated group after Day 2 or 7 remained at a similar elevated level as that from FcD2 treated group (Fig. 8C) . These findings suggest the possibility of more efficient human VEGF degradation mediated by ID2 in the circulation and/or vicinity of tumor tissue in vivo (see discussion and (Fig. 8D) . As apoptosis mediated by caspase-3 could be activated not only by IGF-IR inhibition, but also by anti-VEGF treatment and, therefore, was associated with vessel regression, 40, 41 our data are consistent with the previous finding and demonstrate a higher level of apoptosis upon bi-AbCap treatment than IR mAb or FcD2 alone. In short, the mechanism of action studies not only confirmed the capability of biAbCap to block both targets, but also suggested potential mechanisms, such as co-degradation and increased apoptosis, for its superior activity.
Discussion
In this report, we describe the development of a novel bi-functional molecule created by fusing a receptor domain from human VEGFR1 to a mAb directed against IGF-IR. In contrast to the scFv-based format used to make traditional tetravalent bsAbs, which require extensive de novo screening or subsequent engineering to curb soluble aggregation and improve thermal stability, 8, 10 there are advantages conferred by the unique features of this design. The fusion of a single, stable domain to an IgG allows the construction of a bi-functional molecule with minimal engineering. In fact, ID2 demonstrated impressive solubility with no sign of aggregation at up to 67 mg/mL. In addition, the unmodified D2 domain bound VEGFA-165 with sufficient affinity to demonstrate biological activity in vitro and in vivo. The bivalent VEGFR1 D2 domain in ID2 blocked the VEGF-VEGFR2 interaction with an IC50 of 2.6 nM, similar to the blocking activity of the anti-VEGF antibody bevacizumab (IC50 of 1.4 nM). No affinity maturation was required for the D2 arm of the biAbCap. Besides binding to VEGFA-165, ID2 also binds to VEGF-B and PlGF with similar affinity to VEGFA-165 (data not shown). The biological relevance of VEGF-B and PlGF blockade was not investigated in our study.
The limited clinical response observed with antibodies directed against IGF-IR and the recent preclinical evidence suggesting a regulatory role for IGF-IR in VEGF expression, angiogenesis, and lymphangiogenesis prompted us to seek enhancement of current therapeutic options through a dual targeting reagent. [26] [27] [28] [29] In addition to direct blocking activity, the bi-AbCap promotes co-internalization and degradation of both targets through the lysosomal pathway in vitro. The ability of ID2 to remove exogenous VEGF from A431/IGF-IR cell culture supernatant is possibly related to the superiority of bi-AbCap activity to the combination therapy observed in vivo. Furthermore, similar to reported observations from patients treated with bevacizumab, 42 both human and mouse VEGFs in plasma from Colo-205 xenograft mice treated with either ID2 or FcD2 were elevated compared with saline control group (Fig. 8B and 8C) . Interestingly, only the plasma level of human VEGF from ID2-treated animals was significantly lower than that from the group treated with FcD2 (Fig. 8B) , a scenario reminiscent of the slight increase of supernatant VEGF from FcD2 and the decrease of VEGF from the ID2 treated group observed in the cell based study (Figs. 5B, 8B and 8C) .
The reason for this discrepancy is unknown, but can be postulated. One explanation is that ID2 can degrade human VEGF more efficiently in the tumor vicinity because of higher expression of tumor IGF-IR and higher local concentration of human VEGF as a result of direct secretion from tumor cells.
IGF-IR mRNA levels in the TCGA (The Cancer Genome Atlas) RNA-seq datasets that contained 6,943 samples representing 21 tumor types were evaluated to understand the prevalence of IGF-IR expression in normal and tumor tissues (Fig. S5) . We previously confirmed that there was a strong correlation between IGF-IR mRNA and protein (data not shown). In normal tissues, the highest levels of IGF-IR expression were observed in breast, prostate, kidney, endometrium and thyroid gland. IGF-IR is overexpressed in multiple tumor types including squamous cell carcinoma of the lung, breast, prostate cancer and sarcoma. Some of these tumors display strikingly high IGF-IR expression. Therefore, while it is plausible that IGF-IR in certain organs, for example, kidney and mammary gland, may contribute to ID2 mechanism of action, the pattern of IGF-IR expression suggests that IGF-IR in the tumor compartment may be primarily responsible for the "sink" effect. As internalization and degradation are dependent primarily on IGF-IR expression on tumor cells, it is possible that ID2, targeted to the tumor by binding to IGF-IR, could more efficiently capture and degrade the human VEGF concentrated around the tumor tissue. As the circulating concentration of human VEGF is lower than that of mouse VEGF in animals treated with FcD2 ( Fig. 8B and 8C) , a decrease in human VEGF near tumor tissue might result in a more pronounced reduction in plasma. The other possible reason for the discrepancy between human and mouse VEGF level changes upon ID2 treatment could be attributed to the difference in internalization/degradation rate between human and mouse VEGF. Using the described degradation assay (Fig. 5B) , the kinetics of biotinylated human VEGF and biotinylated mouse VEGF degradation upon ID2 treatment was compared during a 24-hour period. Interestingly, human VEGF was internalized and degraded much more quickly between 2-24 hours than mouse VEGF (Fig. S6) . It is unknown, however, why the rate of degradation is inconsistent between mouse and human VEGFs, given that the EC50s of ID2 binding to the biotinylated human and mouse VEGF are identical (data not shown).
Since human VEGF binds equally well as mouse VEGF to mouse VEGFR2 (Fig. S7) and the blockade of human VEGF by bevacizumab (does not bind to mouse VEGF) was effective to reduce tumor angiogenesis in Colo-205 mouse xenograft model, 43 the observed decrease in human VEGF in ID2-treated, but not FcD2-treated group does have its therapeutic relevance and may represent the unique evidence for bi-AbCap to modulate angiogenesis more effectively around the tumor in these mouse xenograft models. Further in vivo mechanism action studies are warranted to validate the therapeutic relevance of this "trap-fordegradation" mechanism by bi-AbCap.
It was reported that the "sweeping antibodies" against soluble human IL-6R (hsIL-6R) via the combination of pH dependent target binding engineering and enhanced FcRn binding at neutral pH induce a 50-to 1000-fold decrease of plasma hsIL-6R concentration compared with a conventional antibody. 44 In contrast to the "sweeping antibody," our bi-AbCap differs in the following ways. First, bi-AbCap relies on IGF-IR as a membrane anchoring receptor as opposed to more ubiquitously expressed FcRn for "sweeping antibody" to access the endosome-lysosome pathway. Second, bi-AbCap does not bind to VEGF in a pHdependent manner. Third, bi-AbCap elevates mouse or human VEGF in circulation above the baseline level (Saline control group), but to a much lesser extent for human VEGF compared with FcD2 ( Fig. 8B and 8C) . Therefore, we postulate that the uniqueness of bi-AbCap design enables a more local VEGF clearance in a tumor environment preferably where higher tumorthan-normal tissue IGF-IR expression exists. This proposed "target-for-degradation" mechanism is likely the cause of the superior anti-tumor activity observed with the bi-AbCap, as the benefit of engaging 2 targets is maximized by physical linkage between IR mAb and D2.
Given the fact that IR mAb and ID2 display different PK profiles, it is possible that additional, as yet unidentified, VEGFR1 D2-dependent and independent mechanisms contribute to faster bi-AbCap clearance and shorter half-life. The cause for less than optimal PK profile for the control FcD2 is difficult to dissect, as the size (75 kDa) and format of the control are very different from a traditional IgG. However, in spite of the relatively rapid clearance observed for the bi-AbCap in mouse, our dosing frequency study established that a once weekly dosing schedule is sufficient to achieve maximal efficacy in a mouse model.
The concept of using receptor domains to generate chimeric molecules has been validated successfully in clinical studies or is still being tested as the mono-specific ligand traps, VEGF Trap or FGF Trap, respectively. These molecules were engineered by fusing corresponding receptor domains to the Fc portion of IgG at the N-terminus. 23, 32 The idea of using a bispecific format to bind and eliminate VEGF through the internalization pathway of a membrane target was investigated previously. 8 A bsAb developed against PDGFRb and VEGF was shown to internalize into human brain vascular pericytes and demonstrated activity similar to anti-VEGF treatment with bevacizumab in mouse models. 8 Our study is the first example offering direct evidence of VEGF degradation in tumor cells, both in vitro and in vivo, by a bifunctional molecule co-targeting VEGF and a cell surface receptor. The bi-AbCap demonstrates potent anti-tumor activity superior not only to anti IGF-IR or anti VEGF therapy, but also to the combination therapy, suggesting that targeting with a bi-specific/functional molecule is an advantageous strategy in achieving better efficacy than the combination under certain conditions where additional mechanism of action could be enabled. The biAbCap format represents an alternative approach to the creation of a dual targeting entity by exploiting the potential of a natural protein scaffold rather than the antibody fragments used traditionally in bi-specific antibody formats. As a result of this unique approach, minimal effort is required with respect to engineering and the developmental path is straightforward. The bi-AbCap demonstrates antibody-like developability and potent anti-tumor activity. Beyond the VEGF-VEGFR pathway, the fusion partner could originate from other receptor tyrosine kinase families or immune checkpoint receptors, thereby providing multiple opportunities for development of bi-functional IgG fusions. The bi-functional design, an IgG-receptor domain fusion, presented here represents a valuable alternative to traditional bispecific antibodies for the development of potent anti-tumor agents.
Materials and Methods
Design, construction and production DNA encoding the extracellular domain 2 (D2) of human VEGFR1 encompassing residues 129-229 aa was amplified by PCR and cloned into mammalian expression constructs harboring IR mAb IgG, either before the N-terminus of IR mAb Lc via a linker GGGSGGGS -D2I, or after the C-terminus of IR mAb Hc via a linker GGGGSGGGG -ID2. The co-expression constructs were made by digesting corresponding Lc and Hc segments followed by re-ligation.
HEK 293-Freestyle cells (Life Technologies) transiently transfected with bi-AbCap expression constructs according to manufacturer's specifications or stably transfected CHO cells expressing ID2 were cultivated in suspension at 37 C in serumfree media. Cell culture fluid containing the bi-AbCaps was harvested after 6 d for transient and 2 weeks for stable CHO. MabSelect SuRe TM Protein A (GE Healthcare) was used to purify the bi-AbCaps present in the harvested cell culture fluid from either transient HEK293 cells or stable CHO cells using an AKTA Explorer under the control of UNICORN 5.0 (GE Healthcare) as described previously. 45 
Stability measurements
Differential Scanning Calorimetry (DSC). Thermal unfolding of ID2 was measured at 1.0 mg/mL in PBS using a MicroCal VP-Capillary DSC. The sample was scanned over the temperature range C with a scan rate of 60 C/hour. The solutions were pressurized at about 60 psi in the capillaries during each scan. For each run, buffer/buffer scan was subtracted from buffer/protein scan and the thermogram was normalized for protein concentration. Baseline correction was performed and the midpoint of thermal denaturation (T m ) was obtained from the peak maximum.
Size Exclusion Chromatography. Samples (1 mg/mL, 100 ml) were analyzed on Agilent HPLC system using TSK-GEL G3000SW 7.8 mm £ 30.0 mm column with a 20-minute run time and a flow rate of 1 ml/min (running buffer: 1£ PBS at pH 7.4, 0.05% sodium azide). Data were analyzed using Chemstation software.
Size-exclusion chromatography-Multi angle light scattering (SEC-MALS). Samples were analyzed on an Agilent HPLC system equipped with a Wyatt MiniDawn Light Scattering detector, an Agilent Refractive Index detector, and an Agilent UV detector. Samples ran for 40 minutes on a Wyatt SEC column (7.8 £ 300 mm, 300 Angstrom, Cat# 030S5G) with a flow rate of 0.4 ml/min (running buffer: 1£ PBS at pH 7.4, 10% ethanol, 0.05% sodium azide). Absorbance at 280 nm, refractive index (RI) and light scattering (LS) were recorded. Data were analyzed using Astra 4.1 software.
Solubility study. Samples were concentrated sequentially from 9.2 mg/mL to 67 mg/mL using a 4 mL centrifugal 30MWCO filter device. Sample concentration was measure before and after 0.1 mm filtration and % recovery was calculated. Visual appearance of the solution was recorded and the percentage of soluble aggregates at low and high concentration were determined by SEC.
ELISA binding, blocking and surface plasmon resonance measurements
The general procedure for ELISA was as described. For the VEGF-VEGFR2 blocking ELISA, the pre-incubated mixture containing 4 nM human VEGF and varied amount of antibody was added to plates coated with 40 ng/well of VEGFR2 (R&D 357-KD). Bound VEGF was quantified as described in dual target binding. The IGF-IR blocking ELISA was performed following the method described previously. 24 For the SPR study, the binding kinetics of ID2 and parental controls to IGF-IR and VEGF were measured using a Biacore 2000 instrument. The data were evaluated using BIA Evaluation 2.0 (GE Healthcare). The dissociation constant, K d , was calculated from the ratio of dissociation rate (k off ) and association rate (k on ).
Cell based assays
Neutralization assays for IGF-IR, VEGFR2 and downstream kinases BxPC-3 or MCF-7 cells seeded at 3£10 5 cells/well with 75% confluence were pre-incubated in serum-free medium for 18 hours. 100 nM ID2 or control treatment mixed with 80 ng/ ml IGF-I was incubated with the appropriate cells at 37 C for 15 minutes. The cells were lysed in lysis buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1.25% CHAPS, 1£ complete protease inhibitor cocktail (Roche #04693132001), and 1£ PhosSTOP phosphatase inhibitor cocktail (Roche #04906837001), followed by a standard immunoblotting procedure. Phosphorylation of IGF-IR, ERK1/2 and AKT was detected with rabbit anti p-IGF-IR (cell signaling #3024), rabbit anti p-ERK1/2 (cell signaling #9101) and rabbit anti p-AKT (cell signaling #4060) antibodies, respectively. Total ERK1/2 and AKT were detected by mouse anti-ERK1/2 (cell signaling #4696) and mouse anti-pan AKT (cell signaling #2920) antibodies, respectively. Blots were stained with secondary antibodies IRDye 800CW goat anti rabbit IgG (Li-Cor #926-32211) and IRDye 680LT goat anti mouse IgG (Li-Cor #926-32220), and signals were detected by an Odyssey Fluorescence Imaging System. For total IGF-IR detection, the membrane was stripped and re-probed with rabbit anti IGF-IR Ab (cell signaling #3018) and IRDye 800CW goat anti rabbit IgG (Li-Cor #926-32211).
PAE cells overexpressing KDR (human VEGFR2) were plated at 85%-90% confluence and starved in serum-free medium overnight. The mixture of 100 nM ID2 or the appropriate control and 40 ng/mL human VEGF-165 (R&D 293-VE-010) was preincubated and applied to starved cells for 15 minutes at 37 C. Total cell extract was obtained using the Lysis Buffer described above. VEGFR2 was precipitated with an in-house anti-human VEGFR2 antibody followed by a standard immunoblotting procedure. Phospho-VEGFR2 was probed with mouse anti-phosphotyrosine, horseradish peroxidase (HRP)-conjugated antibody (Santa Cruz biotechnology sc-508-HRP). After the membrane was stripped, it was re-probed with a rabbit IgG directed against mouse VEGFR2 with cross-reactivity to human VEGFR2 (Santa Cruz Biotechnology sc-504) and followed by an HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology sc-2054) to measure total VEGFR2. Phospho-and total AKT and ERK1/2 were measured as described in the previous section.
MCF-7 and HUVEC viability assays MCF-7 cells were seeded in 96-well plates at 10,000 cells/well and cultured for 24 hours followed by overnight starvation. Serially diluted ID2, IR mAb and FcD2 from 300 nM mixed with 100 ng/ml IGF-I were added in duplicate wells and cultured for 2 d. The number of viable cells in each culture was quantified using a CellTiter-Glo luminescent assay kit following the manufacturer's instruction (Promega G7570). The chemiluminescent signal was detected using a luminometer (Perkin Elmer, Vector TM X5). The percentage of inhibition was calculated using the following formula: % inhibition D 1 ¡ signal from treatment ¡ signal from ð serum free medium controlÞ= signal from ð IGF-I stimulation ¡ signal from serum free medium controlÞ £ 100% Human umbilical vein endothelial cells (HUVEC, ATCC # PCS-100-010) were seeded at 3,000 cells/well in a 96-well collagen-coated plate (BD #35440) with 0.5% FBS C EBM-2 basal medium (Cell Application Inc. #22211), followed by incubation at 37 C with 5% CO 2 overnight. The next day, serially diluted ID2 or an appropriate control was pre-incubated with 30 ng/ml of VEGF at room temperature for one hour. The mixture was added into plate containing the HUVEC and incubated for 72 hours, followed by detection using a CellTiter-Glo assay as described above. The percentage of cell viability was calculated as follows:
% of cell viability D .signal from treatment ¡ serum free medium control signal/ / .signal from VEGF stimulation ¡ serum free medium control signal/ £ 100%
The measurements in duplicate for each viability assay were analyzed using GraphPad Prism 6 (GraphPad Software, Inc.).
IGF-IR and VEGF internalization and degradation assays
For IGF-IR internalization and degradation, 20 nM ID2 or appropriate control was mixed with 100 ng/ml VEGF and incubated with BxPC-3 at 37 C for 18 hours. IGF-IR from the cell lysate was measured following the procedure described for the IGF-IR and kinase neutralization assay. For b-actin detection, a mouse anti-b-actin antibody (Sigma A5441) and an IRDye 680LT goat anti-mouse IgG (Li-Cor #926-32220) were used.
For VEGF and IGF-IR internalization and degradation, A431/IGF-IR cells were seeded at 4 £ 10 5 per well in 12-well plates to obtain 90% confluency. 200 ml of 10 nM ID2 or the appropriate control and 400 ng/ml VEGF were added to the cells and incubated at 37 C for 24 hours. Culture supernatant was collected and VEGF was detected by Western blotting using a rabbit anti-VEGF IgG (Santa Cruz Biotechnology sc-507) followed by a goat anti-rabbit IgG-HRP (Santa Cruz biotechnology sc-2054). IGF-IR and b-actin were quantified as described in the previous section.
PAE/KDR cell migration assay PAE/KDR cells at a density of 25,000 cells/well were seeded in Oris Fibronectin coated 96-well plates (Platypus Technologies CMAFN5.101) and allowed to adhere. Stoppers were then removed from the migration zone. A mixture of 100 ng/ml VEGF with 100 nM ID2, IR mAb or FcD2 was added into each well. The plate was incubated at 37 C for 20 hours to allow cell migration. The cells were stained with 4 mg/ml Calcein AM fluorescent dye (BD 354216). The fluorescent signal was measured in each migration zone using a SpectraMax M5 microplate reader (Molecular Devices). Statistical analysis using student t test (GraphPad Prism 6) was performed against triplicate measurements.
ADSC and ECFC co-culture cord formation assay Human ADSCs and ECFCs were purchased from Lonza (Allendale, NJ) and cultured as previously described. 36 ADSC and ECFC co-culture assays were performed in basal media (MCDB-131 medium with 30 mg/mL L-ascorbic acid 2-phosphate, 1 mM dexamethasone, 50 mg/mL tobramycin, 10 mg/mL r-transferrin AF, and 10 mg/mL insulin). ADSC cells were plated at 40,000 cells per well in 96-well plates and incubated overnight at 37 C, 5% CO 2 . The media was removed the next day and 4,000 ECFC cells were plated on the ADSC monolayer, incubated at 37 C, 5% CO 2 for 3-6 hours to allow ECFC attachment, and VEGF at 20 ng/mL and inhibitors (2-5£) were added to achieve the indicated final concentrations. Co-cultures were grown for 3 d and were fixed, stained, and imaged as described. 36 Cord formation images were capture with a Cellomics Arrayscan VTI. Total tube area was calculated from 9 fields for each well with 3 wells for each treatment.
Fluorescence confocal microscopy studies To measure trafficking and delivery of ID2 and VEGF to the lysosomal compartment, 1 mg/mL ID2 or 100 mg/mL VEGF was labeled with FITC (Life Technologies) in PBS. 100 nM ID2 -FITC, 1 mg/mL VEGF -FITC or a mixture of 100 nM ID2 and 1 mg/mL VEGF -FITC was added to a suspension of BxPC-3 cells with a density of 5 £ 10 5 cells per well followed by the addition of 100 nM LysoTracker Red DND-99 (Life Technologies). The reagents and cell mixtures were incubated at 4 C or 37 C for 2 hours before being washed with PBS and fixed in 4% PFA. Fixed cell images were acquired with a Nikon-C1 confocal microscope and image analysis was performed using Nikon Elements according to the manufacturer's manual.
In vivo efficacy, dose frequency and mechanism of action studies
All experiments and procedures were approved by an Internal Animal Care and Use Committee and performed in accordance with the United States Department of Agriculture and the National Institute of Health policies regarding the humane care and use of laboratory animals.
For in vivo efficacy and dose frequency studies, Caki-1, Colo-205, HT-29, or MiaPaCa-2 cell suspensions were implanted subcutaneously (S.C.) at 5 £ 10 6 cells in 50% Matrigel Ò Matrix (Corning, Tewksbury, MA) into female athymic (nu/nu) mice, aged 7-8 weeks, obtained from Charles River Laboratories (Wilmington, MA). When tumor volumes reached an average of 330-440 mm 3 the animals were randomized by tumor volume into treatment and control groups. All dosing was administered intraperitoneally (I.P.) 3 times per week in efficacy studies or according to the indicated schedules in dose frequency studies. Tumor volumes and body weights were recorded twice weekly, using the formula (tumor length) £ (tumor width) 2 £ p/6 D tumor volume in mm 3 . Tumor inhibition % was calculated as 100 £ (1 ¡ ratio of the relative tumor volumes (RTV) in the experimental versus the control groups), with RTV D final mean tumor volume/initial mean tumor volume. Tests for effect of treatment on tumor growth were compared by Repeated Measures ANOVA using JMP Statistical software (v. 9.0.3; SAS Institute). Mice were housed under pathogen-free conditions in micro-isolator cages with laboratory chow and water available ad libitum.
For mechanism of action studies, Colo-205 cells were implanted S.C. into female athymic (nu/nu) mice as outlined above. When tumors reached an average volume of 390 mm 3 they were randomized by tumor volume into 4 treatment groups: USP Saline control, IR mAb (35 mg/kg), FcD2 (15 mg/kg) and ID2 (35 mg/kg). The respective doses were based on molar equivalent weights. Dosing was administered I.P. on days 1, 3 and 5. For IGF-IR ELISA, lysates were made from the tumors excised on Days 2 and 7. ELISA against human IGF-IR was performed using the Total Insulin Panel kits (Meso Scale Discovery). For evaluation of human and mouse VEGF, plasma was collected at days 2 and 7 of treatment. Human and murine plasma VEGF was evaluated using Meso Scale Discovery kits (Meso Scale Discovery) according to the manufacturer's directions. For cleaved caspase-3 evaluation in tumors, the animals were sacrificed at day 2 or day 7 and the tumors were resected, fixed in formalin, and paraffin embedded. Cleaved caspase-3 staining was evaluated quantitatively using the Aperio XT ScanScope system (Leica Biosystems). Differences in percentage of cleaved caspase-3 positive cells between treatment groups were evaluated by One Way ANOVA followed by Fisher's LSD comparison in SigmaPlot (Systat Software). Treatment-related differences in human IGF-IR, human and murine VEGF were evaluated by 2-way ANOVA followed by Bonferroni post hoc tests in SigmaPlot (Systat Software).
PK study
For mouse PK, male CD-1 mice were administered with ID2 (30 mg/kg), IR mAb (30 mg/kg) or FcD2 (15 mg/kg) by intravenous bolus injection. Blood was collected over a 2 week period from 3 animals per group per time point and processed to serum. To characterize the serum PK of the treatment, a human IgG Fc ELISA was employed, with an affinity purified fragment of a goat anti-human IgG-Fc antibody (Bethyl Laboratories, Inc.) coated on the plate (Thermo Scientific TM Immulon Ò 4HBX) as the capture reagent. After incubation with serum samples, mouse anti-human IgG (Fc)-HRP (Southern Biotech) was employed as detection reagent. Immunoreactivity was determined from known amounts of ID2 in 20% mouse serum (Lampire Biological Laboratories) using a 5-parameter algorithm (StatLia, version 3.2).
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